Background. Consensus on the interpretation of mutations in the human immunodeficiency virus (HIV)-1 reverse transcriptase (RT) gene that predict the response to didanosine treatment is needed.
The control of HIV-1 replication is the major determinant of the clinical efficacy of highly active antiretroviral therapy (HAART) [1] . Resistance to antiretroviral drugs is both cause and consequence of the failure to suppress plasma viral load and can be associated with clinical progression [2] [3] [4] . Results from prospective studies showing a small but beneficial impact of using HIV-1 drugresistance assays to guide treatment choice in patients experiencing HAART failure has led to the universal recommendation of using resistance testing in patients with therapeutic failure [3, [5] [6] [7] [8] [9] [10] [11] [12] .
Nevertheless, a major difficulty with resistance genotyping assays is the interpretation of results. Evaluation of the predictive value of virological response by the in-terpretation of genotypic resistance to individual drugs has shown major discordance and less predictive value in the interpretation of genotypic resistance to abacavir and didanosine [13, 14] . For example, the contribution of the reverse transcriptase (RT) M184V mutation, typically selected by lamivudine and emtricitabine, to didanosine resistance is unclear, because it confers reduced phenotypic susceptibility in vitro [15] but shows no influence on-and sometimes association with-a favorable virological outcome to didanosine therapy in vivo [16, 17] . Recently, 2 algebraic mutation scores have been derived by correlation analyses between viral RT genotypes and treatment response, one from the Jaguar study, a didanosine 4-week add-on clinical study [16, 18] , and a second from the Gesca study [19] . These scores, though, have either been cross-validated on the same data set used for their derivation by use of resampling methods [16, 20] or did not undergo cross-validation at all. In the present study, we undertook validation of existing didanosine genotypic-resistance interpretation rules and developed a new didanosine score from a large set of patients experiencing treatment failure who were starting didanosine-based rescue therapy.
PATIENTS, MATERIALS, AND METHODS
Study patients. HIV-1-infected patients with previous failure of HAART (defined as the concomitant use of 3 antiretrovirals) undergoing didanosine-containing salvage regimens were extracted from those enrolled in 4 randomized studies (AR-GENTA, VIRADAPT, GART, and Havana) [5] [6] [7] [8] and a prospective cohort study (the INMI cohort) [4] . Only patients with baseline genotype and viral load determined Ͻ8 weeks before starting the didanosine-based regimen, with follow-up viral load determined at 12 weeks (allowing a range between 8 and 16 weeks), and with no changes in the regimen up to the virological follow-up date were selected. HIV-1 RNA values at baseline and at 12 weeks as well as the previous and the new treatment regimens were retrieved. All patients provided written informed consent for participation in the respective studies.
Genotypic-resistance testing and interpretation. Genotypicresistance assays were those used in the different studies. Because different assays were used, the RT sequence varied in length; therefore, the minimum available sequence encompassing codon 20 -238 was analyzed. The genotypic mutations from consensus B HIV-1 were uploaded via the Stanford database for the VIR-ADAPT, GART, and Havana studies (courtesy of R. Shafer, Stanford University); the ARGENTA data were already available in house in FASTA format, and the INMI cohort data were obtained through strings of amino acid substitutions from consensus B. Sequences containing a mixture of wild-type and mutant residues at single positions were considered to have a mutation at that codon.
Didanosine resistance was interpreted using the rules from the Agence Nationale de Recherche de la SIDA (ANRS) AC11 algorithm (version 14; available at: http://www.hivfrenchresistance.org), those from the Stanford HIVdb (version 4.2.1; available at http://hivdb.stanford.edu), those from the Jaguar algebraic score [16] , and those from the Gesca score [19] . Resistance to the other drugs used in the therapy (backbone therapy) was interpreted using both the Stanford and the ANRS AC11 algorithm.
For each drug, susceptibility (including Stanford's potential low level resistance) was scored as 1, partial resistance (ANRS AC11's possible resistance and Stanford's low-level resistance and intermediate resistance) as 0.5, and resistance as 0. The Jaguar and Gesca algebraic scores were analyzed as continuous variables (table 1) . For the backbone therapy, a genotypic susceptibility score (GSS) was calculated by summing the scores for the individual drugs used in the salvage regimen, as reported elsewhere [13] .
Derivation and validation of the new didanosine score. The database was randomly split 2:1 into a derivation and a validation set, following an automated procedure included in the SPSS statistical software package (version 13.0; SPSS). In the derivation set, RT substitutions showing an association with a significance of P р .2 with respect to the virological response (magnitude of change in 12-week HIV-1 RNA level from baseline) by the Mann-Whitney U test were given different combinations of weighted or unweighted positive or negative scores according to the correlation coefficient found by linear regression. Different scores resulting from the algebraic sum of the weighted mutations were then derived, and that with the best linear correlation with virological response was selected. The best-fitting score was then translated in categorized levels of resistance. The robustness of the correlation between the score and virological response was finally tested on the validation set and compared with that of the Jaguar mutation score and of the Gesca score.
Other statistical analyses. HIV-1 RNA values were log 10 transformed before calculations. Whether various scores and variables were associated with the magnitude of the virological response was analyzed by use of simple and multiple linear regression models. Association between variables and categorical outcomes (e.g., reaching HIV-1 RNA levels Ͻ500 copies/mL at week 12) was analyzed by univariable and multivariable logistic regression. All analyses were performed using SPSS (version 13.0) and Statistica (version 6.0; Statsoft) software packages.
RESULTS
Baseline characteristics, treatment regimens, and virological responses of patients. We analyzed 485 patients; 315 were included in the derivation set and 170 in the validation set. Fiftyone patients (10.5%) were from ARGENTA, 25 (5.2%) from VIRADAPT, 63 (13.0%) from GART, 105 (21.6%) from Havana, and 241 (49.7%) from the INMI cohort. Patients had experienced a median of 7 antiretroviral drugs (interquartile range, 5-11 antiretroviral drugs), including didanosine in 76% of patients; 3% had experienced 1 class, 55% had experienced 2 classes, and 42% had experienced 3 classes of antiretrovirals.
At baseline, the mean HIV-1 RNA level was 4.32 log 10 copies/mL (SD, 0.74 log 10 copies/mL), with no difference between the derivation and the validation set. Apart from didanosine, the rescue regimens contained the following drugs: zidovudine in 6.6%, lamivudine in 14.6%, stavudine in 59.0%, abacavir in 21.4%, nevirapine in 19.4%, efavirenz in 28.7%, nelfinavir in 24.5%, ritonavir at therapeutic doses in 25.2%, indinavir in 16.5%, saquinavir in 14.4%, lopinavir in 11.3%, and any ritonavir-boosted protease inhibitor apart from lopinavir in 22.7%. No significant differences in drug use were observed between the derivation and validation set. The mean Ϯ SD GSS for the backbone therapy was 1.48 Ϯ 0.86 and 1.50 Ϯ 0.97 by the ANRS AC11 and Stanford interpretations, respectively (P ϭ .27, paired t test), with no differences between the derivation and validation sets.
At 12 weeks, the mean change from baseline in HIV-1 RNA level was Ϫ1.06 log 10 copies/mL (SD, 1.18 log 10 copies/mL), and 45.4% of patients achieved a viral load Ͻ500 copies/mL. Again, no significant differences between the derivation and validation sets were observed.
Baseline HIV-1 RT genotyping results. The frequency of individual RT amino acid substitutions (relative to consensus B) present in 5% of patients is illustrated in figure 1 . The most frequently mutated nucleoside RT inhibitor (NRTI) resistanceassociated positions according to the International AIDS Society-USA list [22] are illustrated in figure 1A , whereas figure 1B shows the mutation frequency at all of the other codons. The frequency of other RT mutations present in Ͻ5% of the sample but potentially relevant in terms of didanosine resistance was as follows: K65R (1%), insertion in 69 (0.2%), L74V/I (3.5%), F116Y (1.9%), and Q151M (2.7%).
With the exception of A98G/S, which was significantly more represented in the validation set than in the derivation set (P ϭ .027), no other difference in the frequency of an RT mutation was observed between the different sets.
Validation of existing didanosine genotypic-resistance interpretation rules. We first evaluated the predictors of virological outcomes in the enitre set of 485 patients. Crude analysis of the association between variables and (1) the 12-week change from baseline HIV-1 RNA level and (2) HIV-1 RNA level Ͻ500 copies/mL is summarized in table 2. Higher baseline viral load and the use of nevirapine or nelfinavir in the salvage regimen predicted worse virological responses, whereas the use of efavirenz, lopinavir, and a higher GSS in the backbone therapy calculated using either the Stanford or the ANRS AC11 interpretation were significantly associated with better virological outcomes. Didanosine-susceptibility interpretation using the Stanford and ANRS AC11 rules did not predict a change in viral load, although the ANRS AC11 interpretation was associated with the odds of reaching a HIV-1 RNA level Ͻ500 copies/mL. The scores derived from the Jaguar study (median, ϩ1; range, Ϫ2 to ϩ4) and from the Gesca study (median, 0; range, Ϫ2 to ϩ3) were significantly related to the HIV-1 RNA response. In a multiple linear regression model adjusting for baseline HIV-1 RNA level, GSS of backbone therapy (ANRS AC11 interpretation), and nevirapine, efavirenz, nelfinavir, and lopinavir use, the Jaguar score independently predicted the 12-week virological response (mean HIV-1 RNA change per higher point in score, ϩ0.10 log 10 copies/mL [95% confidence interval {CI}, ϩ0.02 to ϩ0.18]; P ϭ .021). After adjustment for the same variables, the Gesca score was also independently associated with the virological response (mean HIV-1 RNA change per higher point in score, ϩ0.11 log 10 copies/mL [95% CI, ϩ0.04 to ϩ0.18]; P ϭ .003). In the multivariable logistic regression adjusting for the covariates listed above and including study cohort, the Jaguar score and the Gesca score were independently predictive of reaching HIV-1 RNA levels Ͻ500 copies/mL at week 12 (ad-justed OR per higher point in Jaguar score, 0.75 [95% CI, 0.64 to 0.88]; P Ͻ .001) (adjusted OR per higher point in Gesca score, 0.78 [95% CI, 0.68 to 0.90]; P ϭ .001).
Derivation of a new didanosine genotypic-resistance interpretation score from virological outcomes. In the randomly selected derivation set of patients (n ϭ 315), the following mutations present in Ͼ1% of the sample were associated, at the P р .2 level, with a reduced 12-week change from baseline viral load: M41L, E44D/A/G, T69D/S/N/A, L210W, T215Y or revertants, and L228H/R (table 3) . D123E/N/G/S was, on the other hand, associated with improved virological responses. All other analyzed residues did not correlate with the magnitude of the virological response; these included K65R (P ϭ .79), K70R (P ϭ .59), L74V/I (P ϭ .56), M184V/I (P ϭ .29), T215F (P ϭ .87), and K219Q/E (P ϭ .83). These mutations were confirmed by logistic regression using the percentage of patients with a week 12 viral load Ͻ500 copies/mL as outcome (data not shown). Mutations associated with response were used for a stepwise construction of different scores, first using simple sums of the mutations associated with a worse response (score 1 in table 4), then weighting the mutations with the strongest association on the basis of their correlation coefficient (score 2 in table 4), and finally using algebraic sums with negative values for the mutations associated with better virological outcomes (score 3 in table 4). The score showing the strongest association with the 12-week viral load change was (M41L ϫ 2) ϩ E44D/A/G ϩ (table 4) . Subjects infected with a virus interpreted as being susceptible to didanosine exhibited a mean change from baseline HIV-1 RNA level of Ϫ1.29 log 10 copies/mL (55% Ͻ500 copies/mL), subjects with a virus categorized as having intermediate resistance showed a mean change of Ϫ1.00 log 10 copies/mL (48% Ͻ500 copies/mL), and individuals with a virus categorized as being resistant exhibited a mean change of Ϫ0.72 log 10 copies/mL (26% Ͻ500 copies/mL) ( figure 2A) .
Validation of the didanosine-resistance interpretation score and comparison with existing rules. The categorical didanosine score derived from the validation set was then validated on the independent data set (n ϭ 170). There was a significant correlation between an increase in resistance category and viral load change at 12 weeks (R ϭ 0.28; P Ͻ .0001). Subjects with a virus showing predicted susceptibility to didanosine exhibited a mean change from baseline HIV-1 RNA level of Ϫ1.38 log 10 copies/mL (64% Ͻ500 copies/mL), subjects with a virus showing predicted intermediate resistance exhibited a mean change of Ϫ0.99 log 10 copies/mL (39% Ͻ500 copies/mL), and subjects with a virus showing predicted resistance exhibited a mean change of Ϫ0.63 log 10 copies/mL (17% Ͻ500 copies/mL) ( figure 2B ).
In multiple linear regression analysis (adjusting for baseline viral load; the GSS of backbone therapy [ANRS AC11 interpretation]; nevirapine, efavirenz, nelfinavir, and lopinavir use; and study cohort), the score was independently predictive of virological response (mean change in 12-week HIV-1 RNA level from baseline for each increase in resistance category, ϩ0.34 log 10 copies/mL [95% CI, ϩ0.11 to ϩ0.57]; P ϭ .004). When the Jaguar score was included in the model, it was not associated with virological response (P ϭ .53), whereas the new didanosine categorical score remained independently predictive (mean change in HIV-1 RNA level from baseline per increase in resistance category, ϩ0.42 log 10 copies/mL [95% CI, ϩ0.08 to ϩ0.76]; P ϭ .016). When the Jaguar score was replaced by the Gesca score in the same model, neither showed independent prediction of the viral load outcome, although the new didanosine score showed a stronger correlation than the Gesca score (R ϭ 0.17 and P ϭ .22 vs. R ϭ 0.09 and P ϭ .45). In a multivariable logistic regression model adjusting for the same variables, the new didanosine score was independently predictive of HIV-1 RNA level Ͻ500 copies/mL (table 5) . When the Gesca score was included in the same model, the new categorized didanosine score was independently predictive of HIV-1 RNA level Ͻ500 copies/mL at 12 weeks (adjusted OR, 0.41 [95% CI, 0.17 to 0.99]; P ϭ .048), whereas the Gesca score failed to predict the outcome (P ϭ .72). Similarly, when the Jaguar score was included instead, the new didanosine score remained independently predictive of HIV-1 RNA level Ͻ500 copies/mL (adjusted OR, 0.41 [95% CI, 0.18 to 0.94]; P ϭ .036), whereas the Jaguar score was not (P ϭ .71).
DISCUSSION
The HIV-1 RT genotypic determinants of didanosine resistance are still incompletely defined. In the present study, we have shown that the scores from the Jaguar and the Gesca study were independently predictive of virological response in a large set of Construction of different didanosine scores using HIV-1 reverse transcriptase mutations associated with virological outcomes and their correlation with the 12-week virological response in the derivation set. Score/ categorization no.
Algebraic expression of the mutations R almost 500 patients from different clinical settings undergoing a didanosine-containing regimen after experiencing HAART failure. When both scores were included in the same multivariable model, neither seemed to predict the outcomes independently from the other. Subsequently, we developed a new algebraic didanosineresistance score, one that showed better predictive value for the virological response than the Gesca and Jaguar scores, as reflected by its higher correlation coefficient for continuous and dichotomous virological outcomes as well as by its independent predictive value when combined with the Jaguar or Gesca scores in the same multivariable models.
There were several notable differences in the developed score compared with the previous ones. First, RT residues M41L and L210W, 2 typical type 1 thymidine analogue (TA) mutations (TAMs), received a higher resistance weight because of a stronger correlation with reduced virological response. This result further confirms that this cluster of mutations is typically associated with more extensive cross-resistance to NRTIs. Very similarly, the presence of at least 3 mutations including either M41L or L210W was associated with a reduced response to tenofovir, another adenine analogue [22] ; moreover, type 1 TAMs were shown to be the strongest predictor of a reduced response to didanosine in the Gesca study [19] . We have previously shown that L210W is the most characteristic marker of type 1 TAMs [23] . This substitution often appears as the final one in a specific resistance pathway [24] and is very rarely seen in combination with K70R [23] . The T215 revertants played a role in conferring reduced virological response to didanosine. This was, in part, observed in a previous study [19] and shows that 215 revertants, being typically derived from the T215Y residue, should be considered mutations that confer resistance not only to thimidine analogues [25] but also to didanosine and, potentially, to other NRTIs. Second, the type 2 TAMs K70R, T215F, and K219Q/E did not appear to confer any negative or positive effect on virological responses. Previous studies have found that K70R and K219Q are associated with better virological responses [16, 19] . It is possible that in previous studies these mutations reflected a negative counterpart of type 1 TAMs [23] or viruses with lower replicative fitness [26] that may be associated with more favorable virological outcomes in the short term only. Our observational study was based on a larger set of patients and analyzed longer-term effects. Probably because of sample size limitation, the Jaguar and Gesca studies found both residues F and Y at codon 215 to be associated with reduced response to didanosine. In contrast-and in agreement with its strong association with type 2 TAMs [23, 27]-we did not find that residue F had any influence on response.
Contrary to the present findings, a previous study showed a consistent association between M184V/I mutations and better response to didanosine [16] . This discrepancy might be explained by differences in the viral populations, treatment regimens used, and duration of follow-up. The Jaguar study had a very limited follow-up (4 weeks), and an initial beneficial effect, which might depend on the lower viral fitness associated with M184V, might be lost over a longer follow-up period [28] . In exploratory analyses, we tried to investigate whether the effect of M184V/I could be observed in specific subsets of patients; however, we did not find any association in subsets of patients concomitantly treated with lamivudine or in those undergoing functional didanosine monotherapy (GSS of backbone therapy, 0), and an association with an improved response was found in Table 5 . Multivariable logistic regression model showing the independent association between the new didanosine score and the 12-week virological response in the validation data set (n ‫؍‬ 170). only one of the studies included in the present analysis (AR-GENTA) (data not shown). Given the lack of confirmation of the positive role played by M184V/I and considering the evidence from previous studies [15, 17] , it seems reasonable to judge substitutions at this position as neutral with regard to the therapeutic efficacy of didanosine.
In contrast with previous observations [16, 29] , L74V/I was not related to a decreased response to didanosine. The prevalence of this mutation was lower than that observed in previous studies (3.5% compared, for example, to 10% in the didanosine arm of the Jaguar study) [16] ; thus, we hypothesize that its effect may have not been observed because of insufficient statistical power or that it could have been masked by concomitant treatments or by the stronger effect of type 1 TAMs.
Finally, we observed an influence on virological response of polymorphisms at 2 RT codons: L228H/R, associated with worse virological responses, and D123E/N/G/S, associated with better virological responses. The L228H/R residues are more frequent in viruses from NRTI-experienced individuals than in those from antiretroviral-naive subjects [30, 31] . In line with this observation, an analysis of RT polymorphisms in the Jaguar study was recently published indicating an association between changes at codon 211 and 228 and a reduced response to didanosine [32] . Although the role of the polymorphism at codon 211 was not confirmed in our study, the consistent association between mutations at position 228 and response to didanosine in independent data sets underscores its clinical importance. The polymorphisms at RT codon 123 are very common in both treatment-naive and -experienced patients [31] ; the association between these polymorphisms and improved virological response found in the present study might be due to a negative effect on viral fitness or to a resensitization/hypersusceptibility effect with regard to didanosine. Testing these hypotheses-as well as the relative contribution to drug susceptibility of these mutations-requires specific in vitro site-directed mutagenesis studies.
A potential limitation of the present study is related to the fact that most of the patients concomitantly received other new drugs in association, such that the pure effect of didanosine on the virological response was confounded. Nonetheless, in several multivariable models, we adjusted the interpretation of didanosine activity for all variables found to be potential confounders of the virological response. Furthermore, most of the patients studied received the buffered formulation of didanosine, because they were enrolled before the enteric-coated drug became available. Although some in the cohorts most recently recruiting patients may have received the newer formulation, this information was not available for the study. In any case, in vivo studies have shown bioequivalence between the 2 formulations, and effects in this study were adjusted for study cohort [33] . Another weakness of the present study is that the data set is relatively old, given the rapid evolution of the use of drugs. Notwithstanding, TAMs are still the most frequently detected NRTIresistance mutations in patients experiencing treatment failure [34] . The situation may be particularly frequent and of relevance for resource-limited settings in which first-line regimens always contain TAs and didanosine is a recommended second-line option [35] . Nonetheless, because the analysis was predominantly based on subtype B viruses (only 4 [Ͻ1%] of 485 viruses belonged to subtypes other than B), these findings should be applied only to patients carrying subtype B viruses.
In conclusion, we have developed and validated a refined weighted algebraic score that consistently outperformed the previous scores in predicting virological response in an independent set of patients. The present study underscores the relevance of analyzing therapeutic-outcome data sets for defining the role played by viral mutations in influencing the therapeutic response and the importance of selecting independent data sets for the validation of developed drug-resistance interpretation rules [36, 37] . The refined interpretation of viral mutations influencing the response to didanosine-containing regimens may help to guide a more rational use of this drug in patients previously experiencing the failure of NRTI-containing ART.
